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Swelling properties of coal chars during
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USA

Coal devolatilization experiments are commonly conducted at moderate temperatures (800 to 1300 K) and
heating rates (lo3 to lo4 K s- ‘) in inert environments in order to measure evolved species before secondary
reaction in the gas phase. However, chars from these experiments exhibit different physical characteristics
than chars obtained under typical combustion conditions (1500 to 2OOOK, lo5 K s- ‘, and 3 to lOmol%
oxygen). Experiments were conducted in two laminar, entrained-flow reactors to determine characteristics
of coal chars in inert and oxygen-rich environments. One flow reactor was heated electrically, with gas
temperatures of 1250K, and the mol% oxygen was varied from 0 to 10%. The other flow reactor used a

flat flame burner as the heat source, with gas temperatures of 1600K, and the post-flame oxygen content
was varied from 0 to 12mol%. In both reactors, sampling was limited to regions during and immediately
following devolatilization. Five coals of different rank were examined; for a given coal, similar total volatile
yields were obtained in both flow reactors, and similarities in chemical compositions of the resulting chars
are discussed. For softening coals, the apparent densities of chars obtained in the electrically heated reactor
are much lower than that of chars from the flat-flame reactor, regardless of the gas phase oxygen content.
This implies that changes in particle swelling behaviour between typical devolatilization experiments and
char combustion experiments are not due to the presence of oxygen, but due to heating rate or post-flame
gas species other than oxygen.
(Keywords: swelling; coal char; pyrolysis)

Coal devolatilization affects the combustion performance
of pulverized fuel boilers in many different ways. The
primary influences of coal devolatilization on combustion
performance are the amount of mass released as volatile
matter and the heating value of the pyrolysis products.
The volatile matter is released quickly compared to the
subsequent heterogeneous char oxidation, which significantly influences near-burner gas temperatures and
stoichiometry. Equally important is the amount of mass
remaining in the char, since this is the mass that must
be oxidized in the available residence time in the furnace.
The physical structure of the char subsequent to
devolatilization (i.e. diameter, internal surface area, pore
size, and porosity) determines the rate of char oxidation.
Many devolatilization experiments have been conducted
at moderate temperatures (800 to 1300 K) and moderate
heating rates (lo3 to lo4 K s- ‘), since this regime allows
definition of primary devolatilization products and rates
of evolution. However, practical pulverized coal combustion occurs at much higher temperatures (2000 K) and
heating rates (10’ K s-l). The properties of the chars
obtained in practical combustion experiments often do
not correspond to chars obtained in standard devolatilization experiments. For example, the particle swelling
that occurs during typical devolatilization experiments
is not commonly observed in experiments that mimic
practical combustion environments.
* Experiments performed at the Combustion Research Facility, Sandia
National Laboratories, Livermore, CA, USA
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Investigations of the effect of ambient gas on pyrolysis
char properties were first reported by Sinnatt et al.‘.
Pyrolysis experiments were conducted in nitrogen, coal
gas, hydrogen, steam, and low pressure coal gas at 923 K.
Moderately sized particles (0.5 mm diameter) were generally used in these drop-tube experiments. The composition of the carrier gas made very little difference in the
type of cenosphere formed; a slight difference was
reported between the chars formed in coal gas versus
those formed in nitrogen or hydrogen. When steam was
used as the carrier gas, fewer transparent cenospheres
were observed than in nitrogen. Earlier work2,3 also
compared particle swelling in nitrogen and in air,
although the swelling during pyrolysis was not separated
from char combustion effects in air.
Lightman and Street4 and Street et ~1.~ examined
the characteristics of chars from pyrolysis of high volatile
bituminous coals in a drop-tupe furnace with air or
nitrogen as the carrier gas. Their findings indicated a
sequence of swelling that included: (i) fissures in the
particles (- 573 K); (ii) larger fissures, with internal gas
bubbles evident (- 723 K); (iii) large interconnected
internal voids, with surface bubbles apparent (- 773 K),
(iv) ignition (-913 K). They classified the particles into
four categories:
1. relatively

solid particles with fissures and
sandwiches;
2. lacy cenospheres with many internal partitions;
3. thin-walled balloons; and,
4. thick-walled cenospheres.
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Particles treated in nitrogen possessed a more open
structure and were more swollen than those treated in
air. Swelling was shown to be influenced by the duration
and temperature of treatment. Swelling ratios were
obtained for four different coals, with furnace temperatures of 1073 K, as summarized in Table 1.
The data for the bituminous coal (Ackton Hall)
indicated 57% diameter change when particles were
heated in nitrogen, but only 10% diameter change when
heated (and cornbusted) in air. The lower rank coal
(Rawdon) exhibited less diameter change when heated
in the nitrogen environment. These data suggest that the
devolatilization of coal in oxidizing atmospheres may
inhibit particle swelling for bituminous coals. The results
of Lightman and Street seem to agree conceptually with
data on low temperature pre-oxidation (i.e. weathering)
of coal. For example Solomon et ~1.~ showed a large
reduction in tar yield for a bituminous coal that was
oxidized in air at 383 K for 3 months. The solvent swelling
behaviour of a Pittsburgh bituminous coal was also
altered when exposed to air at 373 K for 329 h’. Other
experiments have shown that pre-oxidation at low
temperatures decreases the yields of pyrolysis gases* or
changes the reactivities of the resultant char’.
Tsai and Scaroni” studied the structural changes in
bituminous coal particles heated in a drop tube furnace
to 1200 K (estimated heating rate of 10” K s- ‘). Data
were presented for 112 pm diameter particles heated in
nitrogen and in air. Diameter increases were determined
by combining measurements of apparent density (tap
density technique) with measurements of mass release
(ash tracer technique). Pyrolysis in nitrogen showed a
swelling region with particle diameter increases of up to
20%, followed by a shrinkage region with subsequent
decreases in diameter of approximately 10%. In the
combustion tests with the same coals, the swelling was
more pronounced (up to 30% swelling), with subsequent
large extents of shrinkage (partially due to combustion).
The internal particle surface area was characterized by
CO, adsorption. Particles heated in air and in pure
nitrogen exhibited identical changes in internal surface
area as a function of mass release, until the onset of char
oxidation in the combustion experiment. The reported
trend of increased swelling with increased oxygen content
is not consistent with the results of Lightman and Street
shown in Table 1.
Melia and Bowman” suggested a three-zone model
for particle swelling during devolatilization: (1) a rigid
coal matrix; followed by (2) a low viscosity plastic state;
followed by (3) a rigid char matrix. Their model suggests
that the extent of swelling is dependent on particle heating
rate. At low heating rates (- 1 K s- ‘), little swelling

Table 1

Summary

of swelling data from Lightman

and Street“
Swelling ratio

Coal
Rawdon
Ackton

Hall

Grange Ash
Yniscedwyn

1486

Size
(fim)

BS swelling
number

Air

63-15
53-63
2430
53-63
9C105
53-63
63-63

112

1.04

5

1.09
1.10
I .09
1.16
1.00

Nitrogen

1.16

8
0
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occurs, while maximum swelling occurs at heating rates
of lo4 to lo5 K s-i. At even higher heating rates, little
swelling occurs. This model relies heavily on data
obtained by Pohl et a1.12, where particle diameter
increases of 1000% were reported. However, diameter
increases reported in the literature are generally less
than 100%; the large diameter increases reported by Pohl
and coworkers may have been caused by particle
agglomeration.
The present work was motivated by comparison
of results from two recent coal combustion research
projects at Sandia, including both devolatilization experiments’3s14 and char oxidation experimentsi5. The chars
generated in the two sets of experiments from common
coals exhibited significantly different characteristics. The
research described here is an attempt to examine the
reasons for the differences in the physical characteristics
of the chars from the two Sandia experiments. Since
Lightman and Street4 suggest that the major difference
in char structure is oxygen content, the current research
focus is the effect of oxygen on particle swelling during
rapid pyrolysis of a bituminous coal. The eventual goal
is to quantitatively describe the behaviour of coal during
both pyrolysis and char oxidation.
EXPERIMENTAL
Devolatilization
experiments are conducted in an
entrained flow, laminar reactor in the Sandia coal devolatilization laboratory (CDL) in 100% nitrogen to
isolate the pyrolysis reactions, with typical particle
heating rates of lo4 KS-’ and particle temperatures
as high as 1200K 13-15. Temperature histories in the
CDL are measured using an infrared sizing-pyrometer
system l3 . The flow reactor has transparent walls with a
square cross-section to facilitate the optical pyrometry
experiments. Samples are collected using a water-cooled
probe with helium quench jets in the tip. A porous inner
wall to the quench probe allows helium transpiration to
minimize tar deposition. Tar and gas are separated
aerodynamically from the char particles in the collection
system using a virtual impactor followed by a pair of
cyclones.
Char combustion experiments are typically conducted
in an entrained flow, laminar flow reactor in the Sandia
char combustion laboratory (CCL), with a laminar
CH,-H,-O,-N2
flat flame providing high temperature,
oxidizing environments (6 to 12 mol% oxygen)16. Particle
heating rates in the CCL experiments approach lo5 K s- ‘,
and gas temperatures of 1500 to 1700 K are employed”.
This system is equipped with a particle sizing-pyrometer
system that operates at visible wavelengths’*. Gases in
the CCL flow reactor are contained by a transparent
quartz tower with square cross-section to facilitate optical
measurements. Particle samples in the CCL are typically
collected after the pyrolysis process is complete using
a helium quench probe, with particle heating rates
approaching lo5 K s- ’ and particle temperatures of
approximately 1300 to 15OOK, depending on residence
time and oxygen concentration”. Common coal samples
were used in the coal devolatilization and char oxidation
experiments discussed here.
Char samples collected in the two laboratories using
helium-quench probes were analysed for organic and
inorganic elemental composition. The experiments in the
CCL with no post-flame oxygen required modifications
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to the sampling system to aerodynamically separate tars,
soot and aerosols from char particles. The cyclone from
the CDL was, therefore, used in these experiments to
prevent the tar and soot from recondensing on the char
particles. The extent of mass release from the char
particles was determined from the trace mineral species
(silica, aluminium, titanium and total ash). Samples were
obtained in the CDL at two different residence times in
the I250K gas condition: 130ms (subsequent to tar
release) and 250ms (reactor exit). Samples were taken
just subsequent to the pyrolysis zone (47 ms, 6.4 cm above
the burner) in the CCL. Maximum gas temperatures in
the CCL experiments were approximately 1600 K, corresponding to the temperatures used in previous char
combustion experiments.
The ratio of the apparent density of the char sample
to that of the parent coal is measured using a tap density
technique lo314. A graduated cylinder is filled with coal
and tapped until the coal settles, and the mass of coal
per volume of cylinder is determined. The packing factor
for the parent coal is assumed to be equal to that for
coal chars and, therefore, the ratio of char density to the
parent coal density is directly measured. The mass mean
diameter of the char sample is determined from the
combination of the extent of mass release and the
apparent density, using the following relationship:

RESULTS
Total volatiles yield

The total volatiles yield data from the two reactors are
shown in Figure I as a function of the oxygen content
of the parent coal, which is used as an indicator of rank.
The terms CCL-O, CCL-6 and CCL-12 denote experiments in the CCL with 0, 6 or 12% oxygen in the
post-flame gas. In Figure 2, CDL data were obtained in
the 1250 K gas temperature condition at residence times
of 250ms’4~‘5, while CCL data were taken just above
the luminous devolatilization zone at a residence time of
47 rns16,17. The measured yields in the CDL and the CCL
exceed the ASTM total volatiles yields for all five coals.
The yields from the CDL-O low rank coal experiments
are 3 to 4% lower than the yields in the CCL-O
experiments, indicating that the increased temperature
in the CCL resulted in additional mass release. However,
for the Pittsburgh No. 8 hva bituminous coal (1451D)
and the Pocahontas low volatile bituminous coal (1508D),
the yield obtained in the CDL-O experiments was nearly
identical to the yield obtained in the CCL-O experiments.
The extent of mass release in the CCL-6 and CCL-12
experiments was 3 to 13% higher than in the CCL-O
experiment, with the most dramatic increase in yield with
oxygen observed for the low rank coals. The increase in
yield seen for the low rank coals is most likely due to
the onset of heterogeneous char oxidation in the late
stages of devolatilization. This hypothesis is consistent

where d is the particle diameter, m is the mass of the
particle, p is the apparent density of the particle, and the
subscript o refers to the parent coal sample. The
experimental errors associated with the tap density
technique are estimated at lo%“,
and agree with
mercury density measurements to within 5%i4,15.
Observed differences in char characteristics between
experiments conducted in the CDL and the CCL can be
attributed to three independent reactor parameters:
1. gas phase oxygen concentration;
2. particle heating rate; and
3. the presence of post-flame combustion products (i.e.,
H,O, CO,, and radicals such as OH).
The experiments described here were performed to
investigate the effects of gas phase oxygen concentration
on coal particle swelling behaviour during devolatilization. In particular, the effect of oxygen is studied by
performing experiments in the CDL with controlled
amounts of oxygen added to the nitrogen environment,
and by performing experiments in the CCL with little or
no oxygen present in the post-flame environment. The
particle temperature histories during devolatilization in
the two flow reactors are not changed significantly by
added or subtracting oxygen. Future experiments should

Table 2

Elemental

analyses
___

of coals used
Size
fraction

PSOC

Coal

(pm)

Carbon
(% daf)

1507D
1445D
1493D
1451D
1508D

Beulah Zap
New Mexico Blue
Illinois No. 6
Pittsburgh
No. 8
WV Pocahontas

75-106”
106125
106125
63-75”
106125

66.6
75.6
74.1
84.2
88.8
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independently characterize the effects of heating rate and
post-flame combustion products on coal particle swelling
during devolatilization.
Five coals of different rank were examined, as shown
in Table 2. The ‘D’ after the Pennsylvania State coal
number signifies that these coals are from a suite of coals
that were selected, sieved, and aerodynamically classified
under the direction of the DOE Pittsburgh Energy
Technology Center. In general, the 106-125 pm size
fraction of each coal was used, although scarcity of this
size fraction for some coals necessitated the use of a
smaller size fraction for experiments in the CDL and in
the CCL with no post-flame oxygen. For example, the
63-75 pm size fraction of the Pittsburgh No. 8 coal and
the 75-106pm size fraction of the lignite were used in
the CDL experiments. Petrographic analyses of the
different size fractions of the Pittsburgh No. 8 coal used
here revealed no significant differences in maceral content
for the size fractions used. The major difference in
composition for different size fractions of these coals was
in the ash content; the dry, ash-free ultimate analyses for
the different sizes were in good agreement.

(1)

m/m, = WP,W/~,)~

properties

106 to 125 nm size fractions

Hydrogen
(X daf)

Oxygen
(% daf)

Nitrogen
(% daf)

Sulfur
(% daf)

Ash
(% dry)

Free
swelling
index

4.3
5.3
5.0
5.5
4.4

25.2
17.3
13.2
7.6
5.1

1.1
1.3
1.5
1.7
1.1

2.9
0.5
6.3
1.0
0.6

18.7
3.5
11.3
3.7
16.7

0.0
0.0
3.0
7.5
6.5

of these coals were used in the CCL-6

and CCL-12

experiments,

with slightly

different

elemental

compositions
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Figure 1 Comparison
of mass release due to devolatilization
in different experiments
total volatiles yields are shown for reference. The elemental oxygen level in the parent

0.10
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I
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in the CDL and CCL for five PSOC-D
coal is used as an indicator of coal rank

I

1

I

I

coals. The ASTM

I

O/C Ratio
Figure 2 Coalification
diagram showing the elemental compositions
the CCL (dashed lines and open points). The shaded area represents

with the fact that lignite char reactivities are higher than
bituminous coal char reactivities.
The data for the low volatile coal (1508D) indicate
that the presence of oxygen increases the extent of mass
release at comparable residence times from 16% daf to
23% daf. The reactivity of high rank coals is much lower
than the lignites, and hence chars from high rank coals
should not be expected to react with oxygen during the
late stages of devolatilization. On the other hand, the
late stages of devolatilization are usually attributed to
degassing of the char. High rank, low volatile coals
release only small amounts of light gas, and hence the
volatiles flux in the late stages of devolatilization should
be low, allowing oxygen to penetrate to the particle. This
may allow enough residence time, and high enough
surface oxygen concentrations, for some char oxidation
to occur before the completion of devolatiiization.
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of parent coals and reacted chars from the CDL (solid lines and points)
the typical range of compositions
of unreacted coals

Elemental

and

composition

The H/C vs. O/C coalification diagram (Figure 2) also
provides a useful visualization of the change in elemental
composition of coal chars during the transition from
devolatilization to char oxidation”. Figure 2 shows the
elemental compositions of chars from five coals examined
in the CDL at 250 ms and in the CCL under the following
conditions: (a) 0% post-flame oxygen (CCL-O), 47ms;
(b) 6% post-flame oxygen (CCL-6), 47ms; and (c) 6%
post-flame oxygen (CCL-6), 72 ms. The solid-line arrows
represent increases in residence time in the CDL, while
the dashed-line arrows represent both increases in oxygen
content and residence time in the CCL. The shaded region
in this figure represents the general range of compositions
of parent coals ranging from lignites to bituminous coals
to anthracites.
It is clear that the change in elemental composition of

&vetting properties of coal chars: T. H. Fletcher

the chars does not follow the traditional coalification
band; oxygen and hydrogen are released at similar rates,
causing the low rank coal char profiles to bypass the
bend in the coalification diagram. This behaviour was
first suggested by Van Krevelen”. The fully devolatilized
chars from the CDL all lie in a small region of the
coalification chart compared to the diversity of the parent
coals. In general, the elemental compositions of the chars
from the CCL-O condition closely match those of the
chars taken immediately after tar release in the CDL.
The chemical structures of the CCL-O chars were also
similar to those from the CDL chars2’. However, chars
taken from the CCL in the 6% post-flame oxygen
condition at the same residence time (47ms) contain
substantially less hydrogen than chars from the CDL or
CCL-O condition (except for the Pittsburgh No. 8 char).
Chars from the higher rank coals in the CCL require
longer residence times to release the hydrogen, and reach
the H/C ratio of 0.01 achieved by the low rank coal chars
at 72 ms instead of 47 ms in the CCL-6 condition. The
oxygen content of the chars obtained at 72ms in the
CCL-6 condition is remarkably similar to the oxygen
content of the chars from the CDL obtained at the longest
residence times. This implies that in the early stages
of char combustion, the hydrogen is attacked heterogeneously by oxygen, although this is difficult to
distinguish from degassing reactions. Since the hydrogen
in these chars exists either as attachments to aromatic
rings (Ar-H), attachments to aliphatic carbon (Ar-CH,,
Ar-CH,-Ar), or phenols (Ar-OH), it is easy to see that
the gas phase oxygen likely reacts with hydrogen
preferentially to carbon in the initial stages of char
combustion.
Swelling behaviour
CDL experiments. The results of Lightman and Street4
and Street et al.’ indicate that particle swelling is reduced
in the presence of oxygen. A possible physical explanation
for this phenomenon is that oxygen scavenges the radicals
in the coal particle as the particle begins to soften, forming
a rigid structure before the onset of devolatilization drives
the oxygen from the particle surface. This proposed
phenomenon is similar to coal weathering, where oxygen
crosslinks are formed to reduce the amount of tar
from coal pyrolysis. Differences in swelling behaviour
between experiments in the CDL and CCL for Pittsburgh
No. 8 hva bituminous coal particles are observed that
may be caused by the difference in the gas phase oxygen
concentration in the two experiments. Experiments were,
therefore, performed in the CDL to determine the effect
of ambient gas phase oxygen concentration on the swelling behaviour of the Pittsburgh No. 8 hva bituminous
coal (PSOC-145 1D). Oxygen was added in controlled
amounts to both the flow reactor gas and the coal
entrainment gas. Oxygen concentrations in the flow
reactor were checked with an oxygen analyser. Initial
experiments were performed at low oxygen concentrations to reduce wear of flow reactor components and to
limit the amount of char oxidation in the reactor. The
apparent densities of the samples are an indicator of the
amount of particle swelling, since the extent of mass
release is virtually identical for all samples. For this coal,
apparent density ratios of 0.2 correspond to 50%
diameter change, while density ratios of 0.4 correspond
to diameter changes of less than 10%.
The first set of samples were collected at the exit of

the flow reactor (250 mm from the point of coal injection)
in both the 1050 K and 1250K gas conditions. Two
general types of particles were encountered in the
collected samples :
1. round, partially transparent, balloon-like cenospheres;
and,
2. molten opaque particles with many blow holes.
These two types of particles are illustrated in Figure 3;
the transparent nature of the particles is difficult to see
in these photographs. The balloon-like cenospheres are
much larger (110 to 180 pm) than the opaque particles
(50 to 130pm). Roughly 30 to 40% of the particles in a
given sample were balloon-like cenospheres, although no
formal counting procedure was employed. The two types
of particles were observed in electron micrographs and
cross-section photographs,4*5,‘5 although the electron
micrographs do not reveal the transparent nature of
the balloon-like cenospheres. Cross-section photographs
show large internal voids (30 to 50pm in diameter)
in most of the particles. The balloon-like cenospheres
are much lighter (lower apparent density) than the
opaque particles, and accumulate at the top of the sample
vials. Initial tap density measurements were performed

Figure 3 Photographs
of char particles from PSOC-1451D
(63 to
75 pm initial size fraction)
collected at 250ms in the 1250 K gas
condition in 3% oxygen in the CDL. Ten divisions on the size scale
are equivalent to 139 pm. (a) Balloon-like cenospheres from the top of
the sample vial, (b) opaque particles from the bottom of the sample vial
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Figure 4 Comparison of apparent
densities of char particles from
PSOC-1451D
Pittsburgh
No. 8 hva bituminous
coal, collected in the
CDL flow reactor and in the CCL flow reactor as a function of gas phase
oxygen content

on only a portion of the collected samples; the densities
from these experiments were skewed because the balloonlike cenospheres were located at the top of the sample
vial. This may be a source of error in previously
reported experiments. Care was taken to use all of the
sample from a given experiment during the tap density
measurements reported here in order to avoid density
classification.
Results of the sampling experiments conducted in the
1250K gas condition in the CDL for PSOC-1451D (63
to 75 pm) are shown in Figure 4. Samples were obtained
at an axial distance of 250mm, corresponding to
residence times of 250ms. Particle ignition was not
observed in these experiments, due to the low concentration of oxygen in the carrier gas. The data indicate
that the apparent density of the particles begins to rise
at an ambient oxygen concentration of 3%. Optical
microscopy of these samples showed, however, that the
rise in apparent density is due to the partial oxidation
and fragmentation of the balloon-like cenospheres. The
apparent density of a broken shell fragment is much
greater than that of an intact hollow sphere, since
apparent density is the mass per external volume. The
thin walls of balloon-like cenospheres burn more rapidly
than the thick-walled cenospheres, and it is possible that
the balloon-like cenospheres fragment due to oxidation
prior to the first sampling location in most char
combustion experiments. The oxidation of the transparent walls of cenospheres, without any luminous
combustion, was first observed by Newall and Sinnatt3.
An examination of samples obtained in the char combustion experiments in the CCL (Figure 4) revealed the
absence of any transparent cenospheres; these types of
particles were either not formed or were consumed
upstream of the sampling location”.
A second set of experiments was performed in the CDL
to determine the effect of gas phase oxygen concentration
on the degree of swelling during pyrolysis before the onset
of char oxidation. The 75 to 106pm size fraction of
PSOC-1451D Pittsburgh No. 8 hva bituminous coal was
used for these experiments, due to limited quantities of
the 63 to 75pm and 106 to 125 pm size fractions. The
main region of mass release for the 1250 K gas condition
occurs at residence times between 70 and 100msi4.
Samples were, therefore, collected at residence times of
13Oms to ensure completion of devolatilization and to
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minimize residence time for oxidation of the balloonlike cenospheres. Oxygen concentrations of 0, 5 and
10 mol% were employed in these experiments. Ignited
particles were observed in the 10% oxygen experiments,
with ignition of a few particles starting at 90ms; no
particle ignition was observed in the 5% oxygen
experiments. Particle luminosity in 10% oxygen ceased
at the probe tip due to the helium quench jets.
Balloon-like cenospheres were observed in samples from
all three oxygen conditions, since any ignited particles
were quenched within 10 to 40ms after ignition. The
apparent density ratios of samples obtained in the CDL
are all on the order of 0.15, as shown in Figure 4. From
these experiments in the CDL it is concluded that the
ambient oxygen concentration does not affect the particle
swelling behaviour during pyrolysis at heating conditions
encountered (- lo4 K s-~). However, subsequent to
pyrolysis at long residence times in oxidizing atmospheres,
char characteristics change due to oxidation of the walls
of cenospheres.
CCL experimms.
Pyrolysis experiments were conducted in the CCL by adjusting the flame stoichiometry
to achieve post-flame oxygen levels in the 50ppm range
(referred to as 0% oxygen). Heating rates and temperatures in the CCL experiments were higher than in the
CDL experiments. The post-flame gas consisted of
approximately 16 mol% H,O and 6 mol% CO, in the
CCL experiments. Mass release for this set of experiments
was shown previously in Figure 1. The swelling ratios
(d/d,) and density ratios (p/p,) obtained in the CCL for
different coal types are given in Table 3, and compared
with data from the CDL in Figure 5. In this figure data
for a given coal are presented in the vertical direction,
while the oxygen content of the parent coal is used as a
rank indicator. As discussed by Fletcher14, particle
diameters increase before and during tar release, and then
slightly decrease during the subsequent degassing process.
The maximum swelling occurs at 70 to 100ms in the
CDL, as indicated in Figure 5. The lignite actually
decreased in diameter by 5 to 10%. The swdling factors
for the long residence time (250ms) chars in the CDL
are uniformly lower than the peak swelling factor (70 to
100ms chars). The Pittsburgh No. 8 coal exhibited the
greatest diameter change in the CDL (maximum of 50%),
which correlates with the trend in the values of the free
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Figure 5 Comparison
of diameter ratios (d&j of char particles from
five coals, collected in the CDL flow reactor and in the CCL flow
reactor as a function of residence time and gas phase oxygen contenl
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densities and swelling ratios for chars collected in the CCL at three different gas phase oxygen concentrations

PSOC

(47 ms residence time)

Size
fraction

Apparent
density

Mass
remaining

Diameter
change

(pm)

(P/P,)

hdYl)

WJ

At 0% oxygen
1507
1445
1493
1451
1508

Beulah Zap
New Mexico Blue
Illinois No. 6
Pittsburgh
No. 8
WV Pocahontas

75-106
106-125
106-125
63-75
106-125

0.64
0.32
0.35
0.39
0.57

0.48
0.40
0.48
0.50
0.86

0.90
1.08
1.1 I
1.08
1.14

At 6% oxygen
1507
1445
1493
1451
1508

Beulah Zap
New Mexico Blue
Illinois No. 6
Pittsburgh
No. 8
WV Pocahontas

106-125
lo&125
106-125
lOG-125
106125

0.61
0.46
0.52
0.38
0.46

0.47
0.49
0.49
0.50
0.83

0.92
1.02
0.97
1.10
1.22

At 12% oxygen
1507
1445
1493
1451
1508

Beulah Zap
New Mexico Blue
Illinois No. 6
Pittsburgh
No. 8
WV Pocahontas

106-125
106-125
106125
106125
106-125

0.63
0.39
0.47
0.39
0.51

0.47
0.49
0.49
0.50
0.81

0.91
1.08
1.01
1.08
1.17

swelling index in Table I. The balloon-like cenospheres
were only observed in significant quantities in samples
from the Pittsburgh No. 8 coal in the CDL experiments.
The high rank Pocahontas coal particles increased in
diameter by 30% in the CDL and then shrank to almost
20% of the initial diameter. The diameter of the lignite
char particles collected at 70 to 100 ms were the same as
the initial diameter, but lignite chars taken at longer
residence times showed particle shrinkage by 15%.
As a whole, relatively little swelling (- 10%) occurred
for the coals in the CCL experiments, regardless of gas
phase oxygen concentration. The largest diameter change
occurred in the highest rank coal (Pocahontas Iv
bituminous), where a diameter increase of about 20%
was observed. The Pittsburgh bituminous coal swelled
by only 10% in the CCL experiments, compared to as
much as 50% in the CDL. Particle shrinkage for the
lignite was not as pronounced in the CCL experiments
as in the CDL experiments. A comparison of the swelling
factors in Figure 5 for the CCL-O and CCL-6 experiments
shows the most significant difference in the Illinois No. 6
bituminous coal, with less swelling in the CCL-6
condition. In general, the swelling factor observed in the
CCL-O and CCL-6 experiments decreased uniformly with
decreasing coal rank. The Pocahontas Iv bituminous coal
was the only coal that did not exhibit this same trend in
the CDL experiments.
DISCUSSION
The particle density and diameter data from experiments
in the CCL and CDL indicate that the oxygen concentration has little effect on the swelling behaviour prior
to char oxidation. Pittsburgh No. 8 coal particles swell
by approximately 50% in the CDL experiments in oxygen
concentrations ranging from 0 to lo%, and the apparent
density ratios range from 0.15 to 0.20. These same particles swell by less than 10% in the CCL, even in the 0%
post-flame oxygen condition. The high rank Pocahontas
coal showed 20% increases in particle diameter in both
the CDL and CCL experiments, regardless of gas phase
oxygen content. The other three coals also showed no

significant changes in swelling behaviour with changes
in gas phase oxygen content.
These results seemingly contradict the data of
Lightman and Street4 and Street et al.5, since they report
a significant effect of oxygen on particle swelling. One
explanation is that Lightman and Street’s data were taken
at long residence times, and were affected by char
oxidation. This effect was shown in this paper, and was
also observed by Newall and Sinnatt3. Another possible
explanation is that the particles cornbusted in air (21%
oxygen) experienced a significant energy feedback from
the surrounding volatiles flame, and hence were subjected
to a higher heating rate than the particles pyrolysed in
nitrogen.
The most probable cause for the difference in particle
swelling behaviour of the Pittsburgh No. 8 coal particles
collected in the CDL and CCL is a difference in the
particle heating rate. The particle heating rate in the CDL
was carefully determined by measurements of particle
size, temperature and velocity, coupled with the use of
a model of the transient heating process’31’4. A detailed
theoretical investigation of the particle heating rates in
the CCL was performed using the particle continuity,
momentum and energy equations as explained by
Fletcher13q’5. A summary of these equations is given in
the Appendix. The model accounts for devolatilization in
inert environments, but does not address the increase in
particle temperature due to volatiles’ combustion near
the particle surface. The devolatilization rate was calculated with a two-competing-step
model, with rate
constants taken from Ubhayakar et al.22 and yield factors
determined from experiment. Particle heat capacities are
calculated as a function of temperature according to the
correlation of Merrick 23. Particle heating rates in the
CCL flow reactor were calculated for an Illinois No. 6
coal particle as a function of size, moisture content, and
particle heat capacity. Calculations were performed with
and without moisture in the coal. In order to obtain a
direct comparison between laboratories, the empirical
correction to the characteristic particle heating time used
to fit the measured particle temperatures in the CDL
experiments (~,=0.56~,,,) by Fletcher13 was also used
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as a parameter in the calculations of particle temperature
in the CCL.
A typical particle temperature history for a 115pm
coal particle in the CCL (0% post-flame oxygen) is shown
in Figure 6, along with the corresponding gas temperature
and particle heating rate. The initial temperature rise
between 0 and 18 ms is very slow, as moisture in the coal
evaporates. This period is followed by a rapid rise in
particle temperature due to the large difference in gas
and particle temperature near the CH,-H,-0,-N*
diffusion flame. After the flame the particle heating rate
decreases as the particle reaches its asymptotic temperature. The slight dip in the particle heating rate profile
between 35 and 80ms is caused by the blowing effect of
rapid volatile release from the coal. In this region, the
velocity of volatiles escaping from the particle surface is
large enough to impede conduction of heat from the
surrounding gas.
The particle temperature in the 0% oxygen environment eventually reaches a pseudo-equilibrium state with
the local gas temperature; particle thermal radiative heat
losses are balanced by convective heat transfer to the
particle from the gas. Particle temperatures at residence
times larger than 100 ms should therefore be 50 to 100 K
lower than local gas temperatures in 0% oxygen. If
oxygen is present, the exothermic heat of char oxidation
raises the particle temperature above the local gas
temperature.
Particle heating rates in the CCL flow reactor were
calculated for an Illinois No. 6 coal particle as a function
of size, moisture content and assumptions regarding the
characteristic particle heating time. The peak particle
heating rates for this set of calculations are compared
with heating rates from the CDL in Figure 7. For the
typical size fraction of coai used in char combustion
experiments in the CCL (106 to 125pm, or 115pm
average diameter), maximum particle heating rates are
4.5 x lo4 K s-l if the particle heat capacity is corrected
and moisture is taken into
according to Fletcheri
account. For a size range more typical of an industrial
boiler (55pm), the maximum heating rate is just over
twice that calculated for a 115pm diameter particle.
When moisture is excluded in the calculations, the
calculated heating rate decreases slightly. A maximum
particle heating rate in the CDL of 2.2 x 104Ks-’ is
calculated for the 115 pm size fraction (when moisture is

---___
I
I+---Gas

1600 1400 -

included). This maximum heating rate is smaller than
that in the CCL (for identical computational procedures)
by a factor of two to three. The maximum heating rate
in the CCL for 55pm particles is 2.3 times that in the
CDL.
It is possible that flow reactor experiments in the CDL,
with helium as the carrier gas, might increase the particle
heating rate above that experienced in the CCL, due to
the high thermal conductivity of helium. If heating rates
in the CDL using helium are, in fact, greater than typical
heating rates in the CCL, this would be a good test of
the hypothesis that the increased heating rate reduces the
extent of particle swelling in softening coals.
The small difference of particle heating rates between
the CDL with nitrogen gas and the CCL with 0%
post-flame oxygen (a factor of two to three) seems a
narrow range to cause such a dramatic effect in particle
swelling characteristics for a Pittsburgh No. 8 coal (50%
diameter change in the CCL, 5% diameter change in the
CDL, with accompanying changes in apparent density).
However, a very rapid decrease in the extent of swelling
is suggested in this heating rate range by Melia and
Bowman’ l. An increase in the heating rate by a factor
of three decreases the time between softening and
resolidification from -45 ms in the CDL (see data of
Fletcher14) to - 15ms in the CCL. Hence, in the CCL
there may not be enough time for the softened particle
to change diameter significantly before resolidification
reactions commence.
It is possible that the difference in swelling behaviour
may be caused by some other effect, such as differences
in gas composition other than oxygen. Steam, hydrogen
and coal gas (mainly CO and H,) have been suggested
as possible gases that affect coal char properties during
pyrolysis’. Future work should include a study to
determine the effects of these gases on the swelling
properties of coal chars, along with detailed investigations of the effects of heating rate.

CONCLUSIONS
Based on the results of the experiments conducted in the
CDL and the CCL as a function of gas phase oxygen
concentration, the following conclusions are reached:
1. The degree of swelling during coal pyrolysis at rapid

---___
---_______
Temperature

Residence

--__

6
5

9
z.

1
(D

Time (ms)

Figure 6 Particle and gas temperature
histories for PSOC-1493D
Illinois No. 6 hvb bituminous coal (106125pm
size fraction)
0% post-flame oxygen. Calculations
performed with 3.3% initial moisture without the Fletcher13 heating correction
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CCL with Fletcher heating correction
CCL without Fletcher heating correction
CDL with Fletcher heating correction

I

I
3.3% moist.

r

55

115

55

Particle Size (microns)
Figure 7 Comparison
of calculated
particle heating rates in the CDL flow reactor and in the CCL flow reactor in 0% oxygen for an Illinois
No. 6 hvb bituminous coal as a function of particle size and moisture content. Calculations
in the CDL include a correction to the characteristic
particle
heating time, based on measured sizes, temperatures
and velocities of individual particlesi

heating conditions (> lo4 K s-r) is not affected by the
gas phase oxygen concentration. Changes in particle
swelling caused by the presence of oxygen reported in
other experiments may be due to partial oxidation of
char samples subsequent to pyrolysis.
Pittsburgh No. 8 coal particles increased in diameter
by 50% in the CDL experiments and by less than
10% in the CCL experiments. The swelling behaviour
of other coals during devolatilization was also unaffected by the gas phase oxygen concentration in a
given reactor. Differences in swelling behaviour of
Pittsburgh No. 8 coal particles sampled in the CDL
and CCL were caused by differences in particle heating
rate and/or the presence of post-flame combustion
gases other than oxygen (e.g. CO,, H,O or trace
radical species).
Significant quantities of transparent cenospheres were
observed in chars collected in the CDL from the
Pittsburgh No. 8 coal. In contrast, no such balloonlike cenospheres were observed for this coal in the
CCL experiments, even in the 0% post-flame oxygen
condition. These types of particles were either not
formed or were consumed upstream of the sampling
location in the CCL.
Calculations of particle heating rates indicate that the
maximum particle heating rate in the CCL is a factor
of two to three higher than the maximum heating rate
experienced in the CDL experiments. The calculated
difference between the particle heating rates at 0%
oxygen in the two different laboratories may be
responsible for the differences in the physical properties of the char particles. Because the heating rates
were within a factor of two to three, however, other
possible causes for the observed differences in swelling
behaviour should also be investigated.
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tot
V
W

cc

Total
Velocity
Water, wall
Bulk gas condition (distance from surface= co)

APPENDIX
This appendix contains the equations of particle energy,
continuity and momentum; more details are given by
Fletcher and Hardesty”.
Particle energy equation

The energy conservation equation of a spherical
particle in an inert laminar flow, assuming negligible
internal temperature gradients, is written as follows:
v,m,,c,~=hA,(T~-Tp&

eB-1

-cx~A,(T~~-T$)-v,~AH

NOMENCLATURE
A
B
c
:
D
E
g
h
H
k
km
LJ
P
fi

Re
SC
Sh
t
T
V

V
ti
X

Y
Z
E
P
0

Area, pre-exponential rate constant
Blowing coefficient (transpiration parameter)
Char mass
Heat capacity
Diameter
Diffusivity
Activation energy
Gas
Convective heat transfer coefficient
Heat of reaction
Thermal conductivity, rate constant
Mass transfer coefficient
Mass
Nusselt number
Pressure
Reaction rate for reaction i
Reynolds number
Schmidt number
Sherwood number
Time
Temperature
Velocity
Volatile mass
Moisture evaporation rate
Mass fraction
Yield factor for two-step devolatilization rate
Distance from injection point
Emissivity
Density
Stefan-Boltzmann radiation constant, standard
deviation
Correction factor for blowing
Viscosity
Time constant

Subscripts
g
i

m
0

P
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Gas
ith reaction
Mass
Surface
Particle
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(Al)

where h = Nu k$d,. This equation expresses the thermal
inertia in terms of convective heat transfer from the
surrounding gas, radiative heat transfer, and the global
heat of reaction during devolatilization. The 8 term
represents the effects of high mass transfer on the
convective heat transfer coefficient, and is defined by the
following two equations:
0= B/(e’-

1)

(A2)

where the transfer number B for heat transfer is defined
by:
2dm

B=A

2nd,k, ( dt 1

643)

For small spheres near the gas velocity, the Nusselt
number (Nu) is 2. The gas thermal conductivity k, is
calculated based on the local film temperature (T, + T,)/2.
Moisture evaporation rate

The evaporation of water from lignites and high
moisture coals must be modelled correctly in order to
determine particle temperature histories and hence
reaction rate coefficients. The rate of evaporation of a
spherical drop of water can be expressed as:

The mass transfer coefficient is obtained from a correlation
with the Sherwood number:
kd

Sh= 3

= 2 + 0.6 Ree.5 ScO.333

&DW

645)

For most practical problems involving evaporation of
water from pulverized coal particles, the particle Reynolds
number is low enough to assume that Sh = 2.0. At high
rates of mass transfer, typical of rapid heating experiments, the rate of evaporation (Equation (A4)) becomes:
ci’=&k,,d;(“;~;;‘)

646)
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where :
0, = B,/(eBq - 1)
The transfer number B, for water evaporation
as:
B,=

(A7)
is defined

W

648)

2~d,D,p,
The mole fraction of water at the particle surface, x,,,,
used in Equation (A6), is calculated from the vapour
pressure of water and the total pressure:
X w,o = PWIP,,,

(A9)
The Antoine vapour pressure correlation is used to obtain
P,:

Devolatilization rate
The devolatilization
competing-step model

rate is calculated from a two-

dm,/dt = (k, + k,)m,

6412)

dl/ldt= (y,k, +y2k2)m,

6413)

Wdt=

C(1-yl)kl

+(I -y2hlm,

(A14)
where k, = 3.75 x lo5 exp( - 17.6 kcal/RT)sK’ and k, =
1.46x 1013exp(-60kcal/RT)s-‘,
and I/ and Care the
masses of volatiles and char, respectively. These rates
were shown to agree well with data from Fletcherr4. Yield
factors for the five coals in this study were determined
as follows:
Yield factor

lnp,=A---!?
T+C
When moisture effects are considered, the rate of
evaporation is coupled with the particle energy equation
through the heat of vaporization term, and equation (Al)
becomes:
mpcpdT,
mdt _- %4,( T, - T,) - os,A,( T,”- T,) + c iiAHi
i

PSOC

Yl

Y2

1507D
1445D
1493D
1451D
1508D

0.53
0.53
0.51
0.53
0.14

1

1
1
1
1

(All)

where the reactions i represent moisture evaporation,
devolatilization and char oxidation. In practice, this
equation is solved using a predictor-corrector
technique
with time steps small enough to minimize computational
errors. Gas and particle properties are varied as a
function of time and temperature.

Particle momentum
The particle momentum equation for a particle in the
model is:

dy,
dt _
- 18&v,-v&(1

+0.15 Rez.687)+g
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